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ABSTRACT A compact and portable diode-laser spectro-
meter is developed for high-precision measurements of the
13CO2/12CO2 isotope ratio. Ro-vibrational transitions belong-
ing to different combination bands, around 2.008 µm, are
detected for the two isotopomers, using wavelength-modulation
spectroscopy with ﬁrst-harmonic detection. The determination
of the isotope ratio is performed through a comparison be-
tween the spectra, simultaneously acquired in two different
multiple-reﬂection cells designed to contain the sample and ref-
erence gases. The reproducibility of our method is extensively
investigated over different time scales. In particular, the short-
term precision of the isotope ratio determination is found to be
0.03%. We discuss the presence of possible systematic shifts
in the δ-value and optimise the operating conditions to ensure
accuracy within the precision level. A possible use for in-situ
measurements in volcanic gases is also discussed.
PACS 42.62.Fi; 42.55.Px; 33.20.Ea
1 Introduction
It is widely recognised that the isotopic composi-
tionofstablecompoundsprovidesveryimportantinformation
in many research areas, as it reﬂects different production and
transportation mechanisms on earth as well as in the atmo-
sphere. Indeed, several chemical and physical phenomena,
such as evaporation, diffusion, and oxidation, are sensitive to
isotopic substitution, which thus affects abundance ratios in
different partsofthe environment. This fact allows fora num-
berofinterestingapplications.Forinstance,apreciseanalysis
of the 13C/12C ratio in the CO2 in soil efﬂux may provide
preciousinformationaboutsoilorganicmatterturnover[1,2].
Analogously, a quantiﬁcation of the 13C content in volcanic
CO2 may provide advances in the study of fumarolic emis-
sions as potential predictors of volcanic activity [3]. There-
fore,direct andfast ﬁeldmeasurements ofisotoperatios, with
high precision, would be of great interest for a deeper under-
standingof thesephenomena.
Measurements of isotope ratios are usually carried out
by means of isotope ratio mass spectrometry (IRMS), which
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has impressive precision and accuracy levels. The measure-
ment precision of the relative variation in the abundance ratio
typically ranges from0.01 to0.1‰,dependingon theexperi-
mental conﬁguration. Nevertheless, mass spectrometers are
rather complicated machines that are mainly devoted to lab-
oratory use, and have several serious limitations. First of all,
a gaseous sample cannot be directly injected into the spec-
trometer unless it is separated from other mass-overlapping
species. In addition, isotopomers having nearly the same mo-
lecular weight, like 13CH4 and 12CH3D, or differing only in
their chemical structure, like 14N15NO and 15N14NO, cannot
be distinguished by IRMS. Sometimes, a small correction is
neededtoaccountforsuchinterferences.InCO2,forinstance,
the 13C/12C isotope ratio isusuallycorrected forthe presence
of 12C17O16O, according to a well-known relation between
δ17O and δ18O, assuming mass-dependent fractionation [4].
Another problem occurs for samples containing N2O,w h i c h
has the same molecular weight as CO2 and has to be elim-
inated through a special chemical treatment before the an-
alysis procedure. Commercial IRMS units are cumbersome,
expensive, and require continuous maintenance for reliable
operation. Hence, ﬁeld samples are normally returned to the
laboratory andanalysed long after they have beentaken.
Using laser absorption spectroscopy, in contrast, different
isotopomers can be easily discriminated, regardless of their
molecular mass, when appropriate absorption lines are se-
lected. Indeed, most small molecules exhibit characteristic
ro-vibrational transitions in the infrared, which are strongly
inﬂuenced by isotopic substitution. The isotopic content of
a sample gas can thus be directly determined from a com-
parison of the absorption spectra observed in two gas cells,
one containing the sample and the other a reference gas with
known isotopic composition. No sample pre-treatment is ne-
cessary and small-sized samples can be continuously ana-
lysed withoutbeing destroyed.
In the last decade, the capability of laser absorption spec-
troscopy to provide high-precision determinations of stable
isotope ratios has been demonstrated. Some of the pioneer-
ing work was performed in the mid-infrared spectral re-
gion employing gas lasers, lead-salt diode lasers, and solid-
state lasers [5–8]. More recently, novel infrared radiation
sources, such as difference-frequency generation (DFG) sys-
tems around 4µm [9] and cw quantum-cascade lasers around
8 µm [10,11], have been proposed for isotopic measure-120 Applied Physics B – Lasers and Optics
ments. However, distributed feedback (DFB) diode lasers in
the near-infrared may be ideal sources for this kind of ap-
plication, especially when a compact analyser has to be de-
veloped for ﬁeld use. As is well-known, several overtone
and combination bands occur in the near-infrared, and they
appear promising for some molecular species. This is the
case for H2O at 1.39µm, for which a ﬁrst demonstration
of isotope analysis by means of a DFB diode laser has re-
cently been provided [12]. Analogously, Uehara et al. have
reported on the precise determination of 13CH4/12CH4 and
14N15N16O/14N14N16O using 1.7-µm and 2-µm wavelength
DFBdiodelasers[13,14].
In this paper, we demonstrate the feasibility of 13C/12C
measurements in CO2 with high precision, using a 2.008-µm
DFB diode-laser spectrometer mounted on a portable bread-
board. A number of 13CO2/12CO2 line pairs were detected
using wavelength-modulation spectroscopy and the precision
of the measurement was characterised through several sets of
repeated measurements on CO2/N2 mixtures with a 2% CO2
concentration. In particular, the spectrometer was optimised
inviewofafutureuseforisotopic analysisofvolcanic gasef-
ﬂuxes, whose CO2 concentration typically ranges between 1
and20%[15].
2 Experimental details
The experimental apparatus is depicted in Fig. 1.
The spectrometer relies on a room-temperature DFB diode
laser, emitting a single mode at 2.008µm, with an out-
put power of 3mW . The laser emission line-width is about
10MHz. A diode-laser control unit (Lightwave mod. LDC-
3722B) provides both the injection current and the laser-chip
temperature stabilisation within 0.01K. After collimation by
an AR-coated lens, the laser beam passes through an opti-
FIGURE 1 Schematic of the experimen-
tal set-up: FG, function generator; FM,
ﬂipping mirror; BS, beam splitter; OI, op-
tical isolator; Ph, photodiode
cal isolator to prevent unwanted optical feedback. As shown
in Fig. 1, the 2-µm radiation is then divided into two parts
by a 50% beam-splitter, each directed towards a Herriott-
type multiple-reﬂections cell (MP) with a wedged entrance
window, having a maximum path-length of 30m and a total
volume of about 1L. The path-length can be reduced down
to about 20m, by changing the distance between the two
spherical mirrors. An external 1   ﬂipping mirror in the op-
tical path of the infrared beam enables veriﬁcation of the
alignment of the MPs by means of a He-Ne laser. The trans-
mitted infrared power is monitored by two preampliﬁed
room-temperature InGaAs photodiodes. The laser frequency
is periodically scanned over the absorption features by means
of a triangular wave at 0.045Hz. Gas–radiation interaction is
simultaneouslydetected inthetwocells,withhighsensitivity,
using ﬁrst-harmonic wavelength-modulation spectroscopy.
This technique is better than second-harmonic detection, as it
enables precise determination of the line-centre positions in
the spectral analysis procedure and allows a higher signal-to-
noise ratio to be obtained. For this purpose, the laser is also
frequency modulated at about 10kHz by adding a sinusoidal
signal to the injection current with a modulation index set to
about2.Theacphotodetector signalsarereceived bytwodig-
ital lock-inampliﬁers(PerkinElmermodel7265),withatime
constantof 20msand24-dB/octdigitalﬁltering, correspond-
ing to an equivalent-noise bandwidth of 6H z . A QBASIC
code controls the lock-in ampliﬁer’s settings and the data
transfer and storageto apersonalcomputer via aGPIBboard.
The data transfer is performed in binary format (two’s com-
plement) with double precision at a 200-Hz rate, acquiring
a total of 2000 points for each spectrum. Presently, the max-
imum data acquisition rate is the limiting factor controlling
the laser scan frequency. A turbo-molecular pump ensures
high-purity conditions in the absorption cells, while needleGAGLIARDIet al. A diode-laser spectrometer for 13CO2/12CO2 measurements 121
valves and capacitance pressure gauges are used for high-
precisiongasinjection.
Thewholeset-upisproperlydesignedforin-situmeasure-
ments of isotope ratios: all optical elements are mounted in
a very compact way on a portable breadboard, 120-cm long
and50-cmwide, protected by a closed plexiglas box. The MP
cells are put into close contact, while four small ventilators
(10×10cm2) are placed inside the box in order to facilitate
thermal exchange between the cells.
3 Spectral analysis and determination
of the 13C isotope ratio
The isotopic composition of a sample material is
conventionally represented as the relative change of its iso-
tope abundance ratio with respect to that of a reference ma-
terial, the so-called δ-value. This quantity, usually expressed
in‰,i sd e ﬁn e da s
δxA =
(nx/na)s
(nx/na)r
−1, (1)
wherethe subscripts “r” and “s” refer to the sample and refer-
encegases,respectively,while“x”and“a”refertotherareand
mostabundantisotopicspecies,respectively,andArepresents
the chemical element of interest. In direct absorption spec-
troscopy,according to the Lambert–Beer law, the gas number
densitiesnx andna areproportionaltothecorrespondinginte-
grated absorbances, αx and αa. Assuming that the cells are at
thesame temperature, the aboveexpression, in the caseof the
13C/12C ratio, reduces to (seealso [6,7]):
δ13C =
(α13/α12)s
(α13/α12)r
−1 =
13ρs
13ρr
−1, (2)
where 13ρs and 13ρr aretheratios oftheabsorbancesof 13CO2
over 12CO2 in the sample and reference gases, respectively.
The reference material has a well-known isotopic compo-
sition that is ultimately back-traceable to the international
standard “Vienna Pee Dee Belemnite” (VPDB). In this work,
as already mentioned, we employ a lock-in detection tech-
nique, with demodulation at the ﬁrst-harmonic. In principle,
a complicated data analysis procedure, relying on numerical
calculation of the ﬁrst Fourier coefﬁcient of detected signals,
would be needed to retrieve the δ-value in this case [16]. In-
deed, following the treatment of Silver [17], the intensity of
theﬁrst-harmonic signal can be written as
I(x) =−
2
π
m 
−m
dx P(x −x)exp

−k(x−x )nL
 x /m
√
m2−x 2 ,
(3)
wherem isthemodulationindexandx isadimensionlessvari-
able deﬁned as the ratio between the optical frequency and
the half-width of the line. k(x−x ) is a Gaussian, Lorentzian,
or Voigt function, depending on the pressure regime. On the
otherhand,ifthefractionalabsorptionofthetwolinesissmall
enough, the exponential function in (3) can be replaced by
its ﬁrst-order approximation and the ﬁrst Fourier coefﬁcient
of the absorption proﬁle becomes proportional to the species
concentration n for each line. This means that (2) can be ex-
pressed in terms of the output signals provided by the lock-in
ampliﬁers. In this approximation, δ-values can be calculated
from a non-linear least-squares ﬁt of the sample spectrum to
the reference spectrumplusa2nd-orderbaseline, according to
theexpression:
Is(ν) = iϕIr(ν)+β0+β1(ν−ν0)+β2(ν−ν0)2 , (4)
iϕ being the ratio of recorded signals between the sample
and reference, for the isotopomer i, and a free parameter in
the ﬁt procedure. Here Is(ν) and Ir(ν) represent, respectively,
the signals detected in the sample (s) and reference (r) chan-
nels as a function of the laser frequency (ν) for an isotopic
line centred at (ν0). The parameters βj (j = 0,1 ,2 )r e p r e -
sent a quadratic baseline correction that accounts for possible
non-linearity in the signals background. The δ-value is then
determined fromthe equation:
δ13C =
13ϕ
12ϕ
−1. (5)
The spectra ﬁtting procedure is performed for each iso-
topomer line separately, within a determined spectral region
around the line centres, using a MATLAB code based on
the Levemberg–Marquardt minimisation routine. It must be
noted that, if there is a temperature difference between the
cells, the corresponding variation of the line strengths, due
to the Boltzmann distribution, should be accounted for in
(2). The overall temperature sensitivity of the isotope ratio
is mainly related to the energy difference between the lower
states of the line pair. On the other hand, even a pressure dif-
ference may be important, as it leads to different line shapes,
which has direct effects on the isotope ratio determination
through the ﬁtting procedure. All these effects often add up
and introduceasystematic shiftofthemeasured δ-values.For
these reasons, a passive temperature stabilisation system was
arranged for the gas cells. Furthermore, sample and standard
gas injection, from steel cylinders, is carried out by means
of high-precision valves, the cell pressurebeing continuously
monitored by two 100-Torr absolute-pressure gauges. It is
worthnotingthattheobservedpressuremismatchbetweenthe
cells,inourcase,iswellwithintheuncertainty ofthepressure
gauges, namely 10−2 Torr. Following the correction of Kers-
tel et al. [6] and taking into account the pressure-broadening
coefﬁcient of the selected lines, an apparent shift of δ-values
below 0.1‰is expected.
4 Results and discussion
Particular care was taken in choosing the best line
pair, in order to compensate for the differences in isotopic
abundance, as well as to minimise temperature effects. The
transitions considered here for CO2 isotopomers belong to
thecombination bandsν1+2ν0
2+ν3,3ν1−ν1+ν3,and2ν1+
ν1
2 −ν1
2 +ν3.Thecorrespondingline-strengthsrangebetween
10−24 and10−21 cm/molecule,in thespectralwindowaround
4980cm−1, where an overlap between the R branches of
12CO2 and the P branchof 13CO2 occurs [18].
Figure 2 shows examples of ﬁrst-harmonic spectra ob-
served in this work. In the upper part, the 12CO2 R(26)122 Applied Physics B – Lasers and Optics
FIGURE 2 a Example of ﬁrst-harmonic detection of the 12CO2 R(26) tran-
sition, belonging to the 3ν1 −ν1 +ν3 band, and the 13CO2 P(16) transition,
belonging to the ν1 +2ν0
2 +ν3 band. b Spectrum of the 12CO2 R(17) (2ν1 +
ν1
2 −ν1
2 +ν3)a n d13CO2 P(16) absorption lines. The N2/CO2 mixture pres-
sure in the gas cell was 10 Torr in both cases. The lock-in time constant was
20ms at 24db/oct
and 13CO2 P(16) transitions, respectively at 4977.915 and
4978.023cm−1, are shown. In the lower part, signals corres-
ponding to 12CO2 R(17) at 4978.205cm−1 and 13CO2 P(16)
are reported. These recordings were performed in the pres-
ence of 10Torr of a N2/CO2 mixture with a 2% CO2 enrich-
ment (in both cells). Nitrogen was used as a buffer gas to
widen the spectral lines, thus increasing the number of ac-
quired points for each lineshape. We found that these two
line pairs, among those within the reach of our diode laser,
are particularly advantageous due to their comparable inten-
sities and their proximity in frequency. This region is also
fullyfreeofanyinterferencefromabsorptionfeaturesofother
species,likeH2O.Ontheotherhand,theintensityratiosofthe
P(16)/R(26)and P(16)/R(17)linecombinationshavearela-
tivetemperaturevariationofabout2.5and1.1%,respectively,
for a 1-K difference between the gas cells. Nevertheless, dif-
ferentcombinations, like thoseproposedin [3], whichexhibit
bettertemperaturecoefﬁcients,werefoundtobeinconvenient
because of the large intensity ratio, which would make a pos-
sibly slight non-linearity in the ac response of the detectors
more relevant if a small difference between their responses is
present.
The performance of our spectrometer, in terms of preci-
sion in δ-determination, was investigated in detail, through
a variety of experimental tests on different time scales. We
carried out several series of 30 repeated acquisitions, each
one lasting 20s,f o rt h eP(16)/R(26)line pair under identical
experimental conditions. The same gas mixture was injected
into both the sample and reference MP cells at a total pres-
sure of 50Torr. In each series, the δ13C values were retrieved
according to the ﬁtting procedure described above. An ex-
ample forone seriesisshowninFig. 3a.Here,the meanvalue
was found to be −15.10‰, with a 1σ standard deviation of
0.16‰.In 15 series, performed on 5 subsequent days, nearly
equal standard deviations were observed. Hence, this value
quantiﬁes the achieved precision level in the short term, cor-
responding to an acquisition time of 10min. On the other
hand,themean valueschanged between−15.1and−11.8‰,
FIGURE 3 a δ13C values obtained over 30 repeated acquisitions with the
same gas in the two absorption cells, at a pressure of 50 Torr, for the
P(16)/R(26) line pair. The mean value and the 1σ precision are also re-
ported. b Long-term precision obtained from 300 acquisitions (100 minutes),
under the same experimental conditions as above. c Long-term precision test
performed on the P(16)/R(17) line pair
thusindicating a lowerprecisionin theverylong term. Thisis
clearly conﬁrmed in Fig. 3b, in which the results of δ13C de-
terminations in a series of 300 spectra, continuously acquired
over a time interval ofabout 100min, indicate a long-term re-
producibility ofabout1‰.Also,theabsolutevaluesobtained
were not zero within the standard errors. Instead, a zero value
would have been expected based on the fact that the isotopic
composition wasexactly the same in bothcells.
Suchalargeshiftcannotbeexplainedintermsoftempera-
ture drifts alone. This is clearly demonstrated in Fig. 3c, in
which we report the δ-values determined, in a series of 300
spectra,fromthe P(16)/R(17)linepair,whichpresentsatem-
perature coefﬁcient smaller by a factor of more than two with
respect to the P(16)/R(26)pair. The experimental conditions
were identical to those of Fig. 3b. We found a mean value of
−19.3‰ with a standard deviation of 0.3‰. A better long-
term precision was obtained, because of the more favourable
temperature coefﬁcient, but the apparent shift in the δ-value,
away from its expected value of zero, increased. To check for
a possible gain difference between the two channels, due to
a difference between the detectors and lock-in ampliﬁers, the
sample and reference ﬂows were switched. No effect on the
measured shiftwasfound.
We attributed this behaviour to a different optical path-
length between the two gas cells, which would affect the
δ-value if absorption occurs in the non-linear regime of the
Lambert–Beer law. This is indeed the case for the situation
of Fig. 3c, as the fractional absorption of the line centre for
12CO2 R(17) was measured to be about 17%, while it was
lower than 5% forthe 13CO2 P(16)line.
Wewereabletoquantifythedifferenceintheopticalpath-
length L by measuring the absorbance at the line centre for
the 12CO2 R(2)lineat4980.132cm−1,simultaneouslyinboth
cells, at 7 different pressure levels of pure CO2, always main-
taining equal pressuresin the twocells. These values are plot-
tedinFig. 4.Inparticular,theslopeofthebest-ﬁtlineprovides
the ratio
Ls
Lr
, equal to 0.949±0.004, which yields a relativeGAGLIARDIet al. A diode-laser spectrometer for 13CO2/12CO2 measurements 123
FIGURE 4 Values of the line-centre absorbance for the 12CO2 R(2) transi-
tion, at 7 different pressure values, simultaneously measured in the reference
and sample cells
difference
Ls− Lr
Lr
of about −5.1%. In the case of direct ab-
sorptiondetection,ifasecond-orderapproximationisadopted
for the Lambert–Beer law, the following expression for the
δ-shiftcanbederived using(2):
∆δ =
k(0)nr
(Ls− Lr)
2
1−k(0)ns
Ls
2
, (6)
where k(0) is the absorption cross-section at the line cen-
tre, while nr and ns are the molecular number densities in
the reference and sample cells, respectively. It is worth not-
ing that the δ-shift becomes zero if Ls equals Lr.H e r ei ti s
assumed that for one of the two absorption features the lin-
ear regime of the Lambert–Beer law holds (whether it be the
rare or abundant isotopomer). Hence, for the P(16)/R(17)
line pair, and under our operational conditions, the calculated
apparentδ-shiftwouldbeabout−6‰.Althoughthereisqual-
itative agreement with the observed value (−19‰),it is clear
that the quantitative agreement is not satisfactory. In the case
of ﬁrst-harmonic detection, the calculation of the δ-shift is
much more complicated, as the absorption signal should be
retrieved using (3), introducing higher order deviations with
respecttothecaseofadirectdetection scheme.Therefore,we
further investigated our hypothesis, reducing the absorption
pathlengths down to about 22m. We also decreased the gas
pressuredownto20Torr.Thiswassufﬁcienttoensurealinear
dependence between the ﬁrst-harmonic signal and the mo-
lecularnumberdensity,forthe 13CO2 P(16)and 12CO2 R(17)
lines, the line-centre absorption being smaller than 6%.I n
Fig. 5, the results of 50 repeated measurements are reported.
A δ13C value of 0.1‰ was found, with a short-term standard
deviation of 0.3‰. Thus, the apparent shift can be consid-
erednegligiblewhenthefractionalabsorptionforthedetected
linesis lowerthan 6%.
Also for this case, the long-term reproducibility of the
whole measurement process, including sample injection, was
checked through 6 different series of 50 spectra acquisitions.
FIGURE 5 Results of 50 repeated δ13C determinations for the P(16)/
R(17) line pair. The gas pressure was 20 Torr and the absorption path length
was 22 m
Label δ(13C) (‰)S D ( ‰)S E ( ‰)
10 .70 .30 .04
20 .20 .30 .04
3 −0.50 .40 .06
4 −0.50 .30 .04
50 .50 .40 .06
6 −1.10 .50 .07
TABLE 1 Delta values, along with the corresponding standard deviations
and standard errors, obtained from 6 repeated gas injections with 50 acquisi-
tions per series
The mean δ13C values along with the corresponding standard
deviations and standard errors are reported in Table 1. The
long-term precision wasestimated tobe 0.7‰.
5 Conclusions
We have developed a diode-laser analyser en-
abling high-precision determinations of the 13CO2/12CO2
isotope abundance ratio. Short- and long-term reproducibil-
ity was investigated in detail and quantiﬁed under differ-
ent operational conditions, always using a 2% CO2/N2 gas
mixture. For the 13CO2 P(16)/12CO2 R(17) line pair, we
found a 1σ precision between 0.3 and 0.7‰, over a time
scale varying from few minutes to a few days. Also, a pre-
liminary analysis of the accuracy was carried out, pay-
ing special attention to a possible offset in the δ-values
due to the occurrence of non-linear absorption effects.
As a result, we found the best spectrometer conﬁguration
that makes systematic deviations fall within the precision
level.
The system is compact, ﬁeld-deployable, and provides
δ13C values in different gas mixtures without any pre-
treatment. As a consequence, it may be employed in a num-
ber of applications in several research ﬁelds. In particular,
we are interested in monitoring δ13C variations of volcanic
emissions, whose typical values range from a few ‰ up to
20‰ [19], at CO2 concentration levels varying from 1% to
20% and even more, depending on the volcanic site [15]. In-
situ isotope ratio measurements are of great importance for124 Applied Physics B – Lasers and Optics
geochemical studies aimed at developing volcanic surveil-
lance strategies. For this purpose, we are presently testing
a gas sampling system, based on a gas dryer and cooler,
mainlynecessaryforavoidingwatervapourcondensationand
adsorption in the gas cell, as well as for eliminating small
differences between the sample and reference spectra due to
H2O-induced broadening. This would enable us to ﬁll the
absorption cells with the volcanic gas, at a given pressure,
cooled down to room-temperature and puriﬁed from any par-
ticles that might be found in the fumarolic efﬂuxes. In this
scheme, the reference gas would be the volcanic gas itself,
sampled at a given time, while subsequently the sample cell
would be periodically ﬁlled and analysed to detect a possibly
changing isotopic composition. A detailed test of the sample
inlet system, arranged for this purpose, will be presented in
asubsequentpaper.
Further improvements of the measurement precision are
still possible. In particular, a new cell design providing an
efﬁcient thermal exchange, as well as an active temperature-
stabilisation system for the whole apparatus, is being studied.
TheMPcells can also be equipped with adifferential thermo-
couple in order to correct the δ-values for temperature vari-
ations of the intensity ratio. For this reason, another experi-
ment is currently in progress for the accurate determination
of the temperature dependence of the CO2 line-strengths,
following a novel approach that combines laser absorption
spectroscopy and interferometry, recently developed by our
group[20].
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